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Abstract

In gas–liquid stratified flows, pressure drop and transport across the interface are strongly influenced by the interfacial
wave structure, making the determination of interfacial topography in this kind of flows very important. An objective way
of characterizing the wave pattern present in the interface is proposed here. The method consists in analysing the spectra of
the signal obtained from Laser Doppler Velocimetry (LDV) measurements of fluctuations occurring close to the air-
sheared interface. Transitions are defined by the appearance and disappearance of peaks in the frequency spectra. The
method was applied to study the transition regimes of a stratified air–water flow in a square-cross section channel. A flow
pattern map for air–water channel flow is presented and compared with the maps available from the literature.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Gas–liquid interfaces in stratified flows have been topic of great interest for the last 50 years. Many flow
maps for air–water systems can be found in the literature (Mandhane et al., 1974; Taitel and Dukler, 1976;
Shoham, 1982; Lin and Hanratty, 1987; Petalas and Aziz, 1998) showing the flow conditions for existence
of stratified flows and transitions to other regimes that vary according to pipe diameter, fluid viscosity, and
general flow conditions. The maps usually differentiate between a smooth and a wavy stratified sub-regime.
However, there are more complex structures that can take place within the wavy sub-regime, namely different
interfacial wave patterns, that the mentioned maps do not take into account. The liquid flow structure, pres-
sure drop, liquid hold up, interfacial mass and momentum transfer and the interfacial shear are influenced by
the wave pattern occurring at the interface (Andritsos and Hanratty, 1987). In addition, changes in the wave
pattern may indicate a probable regime transition. It is therefore of great interest to be able to predict the
interfacial structure occurring in a system.
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The transition from stratified smooth to stratified wavy regime has been modeled as the appearance of the
first instabilities on the interface. Jeffreys (1925, 1926), assuming that only normal stresses were responsible for
the energy transfer from the wind to the liquid flow, suggested a critical velocity based on a sheltering mech-
anism. Taitel and Dukler (1976), based on the results of Jeffreys (1926) and using some approximations, pro-
posed a similar relation for the critical velocity for wave generation. Cohen and Hanratty (1965) and Craik
(1966) used Orr–Sommerfeld stability of horizontal liquid films sheared by a turbulent gas flow to predict
the conditions under which waves appear and the factors controlling their growth. Hanratty (1983) and
Lin and Hanratty (1986) made use of linear stability theory, the latter including viscous and inertial terms.
Funada and Joseph (2001) introduced a new approach to the study of stratified flow stability by using viscous
potential flow. These studies describe the conditions for the transition to wavy stratified flow, but do not give
any information on the kind of interfacial structure that will take place.

Most of the studies of wave characterization have been conducted for rectangular channels with large
aspect ratio (Hanratty and Engen, 1957; Hanratty and Hershman, 1961; Hanratty, 1983; Jurman and
McCready, 1989) with application in particular to annular flows. Therefore thin liquid films of the order of
millimeters were involved. It is worth noting that they all defined sub-regimes by visual observation.

Some studies regarding stratified flows with moderate liquid film thickness (typically �2 cm) have been car-
ried out for pipe flows (Andritsos and Hanratty, 1987; Andreussi and Persen, 1987; Espedal, 1998; Spedding
and Spence, 1993; Strand, 1993). Andritsos and Hanratty (1987) identified the transition from 2D to 3D waves
based on the cross correlation between two wave probes and on the flatness value. The cross correlation value
was close to one for 2D waves whereas it was less than unity for 3D waves and decreased for higher gas veloc-
ities. More recently Spedding and Spence (1993), used a combination of visual/video observations together
with pressure fluctuations characteristics and holdup values for the determination of wave transition.

From all the mentioned studies, flow pattern maps describing the interfacial waves have been proposed, but
there are always some discrepancies between them. Not only are the same wave types referred to by different
names by different authors, but the transition limits among each sub-regime disagree for some cases as well.
One reason may reside in the fact that the wave pattern identification is done rather visually. As mentioned in
the previous paragraph, some attempts have been made to describe the wave pattern more objectively. How-
ever, the criterion based on the magnitude of the cross correlation value depends on the distance between the
two probes. The criterion based on the flatness and skewness values is more difficult to interpret or measure,
since higher order moments require more amount of data and thus longer measuring times.

Another way of characterizing the sub-regimes quantitatively is by means of a spectral characterization of
the waves. Several authors have shown that different wave patterns present different characteristics on their
spectra (Bruno and McCready, 1989; Strand, 1993; Shi and Kocamustafaorgullari, 1994). All these studies used
the parallel-wire conductance probe technique (Miya et al., 1971) to track the interface motion and obtain the
spectra from the corresponding signal. But even when the frequency characteristics of several types of waves
were determined, in either case were these spectral characterizations used to determine pattern transitions.

In this work, spectra from Laser Doppler Velocimetry (LDV) measurements of fluctuations close to the
sheared interface are used as a new tool for characterizing wave pattern transitions. The advantage of this
method with respect to previous methods (e.g., conductance probes) is that this method is non-intrusive,
besides the fact that if LDV is being used to measure velocity profiles as in the study that is being carried
out in this laboratory, no additional instrumentation is needed. The experiments are performed for stratified
air–water channel flows, involving liquid film thickness of the order of 1–4 cm in a square-section channel.
With the transitions observed, a flow pattern map for channel flows and mentioned liquid film heights is pre-
sented and compared with existing flow maps from the literature.

2. Description of the experiments

The experiments were carried out in a 9 m long duct, with a square cross-section area of 7 cm · 7 cm. The
channel was made of stainless steel and an acrylic transparent section was introduced approximately 6 m from
the entrance where the measurements were performed. Fig. 1 shows a schematic diagram of the flow loop.

The study was performed using air and water at atmospheric pressure as working fluids. The air was
supplied by the laboratory compressed-air system and was regulated by a manual valve. The water was



Fig. 1. Experimental facility.
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recirculated by a manually regulated screw pump from a tank connected to the outlet of the channel. The
water flow rate was monitored by an electromagnetic flow meter and the air flow rate by a mass flow meter
operating on a principle of heat transfer along a laminar flow device. Both fluids entered the channel through a
square-cross section converging nozzle with two inlets, one above the other (see Fig. 1). The water was intro-
duced through the bottom of the nozzle and the air through the top half.

The pressure drop along the channel and the test section was measured using two dp-cells. A Pt 100 probe
placed at the end of the transparent test section was used to record the temperature of the water phase.

Measurements of the liquid velocity and turbulent fluctuations were performed using Laser Doppler Veloc-
imetry (LDV). The laser used was a TSI two-component Argon-Ion laser with wavelengths of 514.4 and
488.0 nm. The laser was mounted on a traverse mechanism capable of shifting position in the vertical and hor-
izontal (streamwise) directions.

The measurements were performed for different combinations of gas and liquid superficial velocities. The
liquid superficial velocities (ULS) were 0.037, 0.068, 0.102 and 0.136 m/s, while the gas superficial velocities
varied from 0 to 3 m/s. The liquid height was determined by the liquid flow rate, so they could not be varied
separately. The laser was aimed at the center plane of the channel as close to the interface as reflections from
the interface would allow (approximately 2 mm from the lowest interface level, i.e., from the waves trough).

The frequency spectra were estimated using FIND for Windows, the analysis tool from the acquisition soft-
ware of the TSI laser used for these experiments. The mentioned software uses the slotting technique (Albrecht
et al., 2003) for the estimation of power spectra.

At the same time that a set of measurements was being acquired, a photograph of the flow was taken so as
to relate the visually observed interfacial structure with the spectra obtained from the LDV measurements for
each flow condition. The photographs were taken with a home digital camera, using shutter times of 1/125 and
1/250. The height and wavelength of the waves were estimated visually from some of the pictures where a ruler
was included. These pictures were not included in this report.

3. Results and discussion

3.1. Characterization of wave patterns

Both a visual and then a spectral characterization of the waves observed on the interface during this study
will be given here. However, even when a visual difference can be seen between some of the wave patterns, the
final characterization will be based on the frequency spectra only, since this last method is more objective than
just a visual criterion.

Figs. 2 and 3 show the spectra obtained from the LDV measurements of vertical fluctuations in the liquid
phase and the corresponding photographs for the wave patterns observed with ULS = 0.068 m/s. There the



Fig. 2. Wave pattern transitions (ULS = 0.068 m/s) for UGS = 0 m/s, UGS = 1.48 m/s, UGS = 1.71 m/s and UGS = 1.95 m/s from top to
bottom picture (continues in Fig. 3).

M. Fernandino, T. Ytrehus / International Journal of Multiphase Flow 32 (2006) 436–446 439
power amplitude corresponds to the square of the velocity fluctuations and is thus expressed in units of [m2/
s2]. These observations are representative of the other three liquid flow rates as well, although the value of the
critical velocities for transitions varied for each case.

For sufficiently low gas flow rates, no waves were observed. The reflections that can be seen from the first
and second photographs in Fig. 2 were just visually observed by light reflection and the amplitude of the
surface topography was not perceived without the light. It is possible to see that in this stratified smooth
sub-regime (SS) no frequency peak or dominant frequency appears in the corresponding spectrum. It may



Fig. 3. Wave pattern transitions (ULS = 0.068 m/s) for UGS = 2.40 m/s, UGS = 2.55 m/s, UGS = 2.65 m/s and UGS = 2.88 m/s from top to
bottom picture (continuation from Fig. 2).
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be argued that if a pattern similar to the one presented in the second picture of Fig. 2 is observed, then a wavy
structure should be defined. However, the corresponding spectrum shows no difference with the smooth inter-
face. This may indicate one limitation of the method, namely that it cannot detect disturbances of very low
amplitude that may already be considered waves. The main problem is the fact that this method makes use
of vertical fluctuations induced by the interface movement instead of the interface displacement itself. Never-
theless, these fluctuations are induced by this movement, since it is well known that vertical fluctuations are
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damped close to the interface if the latter is smooth and that vertical fluctuations intensity increases for a wavy
interface as the interface is approached (Rashidi et al., 1992).

As the gas flow rate was increased, two dimensional small-amplitude waves were the first to appear, extend-
ing through the whole channel width, with wavelengths from 2 to 4 cm and amplitudes less than 1 mm high.
These waves were considered the onset of the stratified wavy regime (SW). At this stage, a first peak started to
appear in the spectrum, centered at around 13–14 Hz.

Small capillary waves appeared next superimposed upon the 2D waves as the gas flow rate was further
increased (‘‘2D + capillary’’). The fourth picture in Fig. 2 shows how the amplitude of the emerging peak
at 13–14 Hz was greatly increased. The surface structure became more and more complex with increasing
gas velocities, with the appearance also of some pebbled waves and 3D structures with shorter wavelengths
(‘‘3D pebbled’’) mounted on the 2D small-amplitude waves. All these kinds of perturbations put together gave
a general aspect of 3D wave structure on the interface. The mean wave amplitude was somewhat increased
from 2 to 3 mm up to around 4 mm. The frequency peak in the spectrum corresponding to these last waves
(first picture in Fig. 3) was slightly shifted toward lower frequencies close to 11 Hz. But since there was not any
observable change in the nature of the corresponding spectra rather than the slightly continuous shifting to
lower frequencies, no distinction between these kinds of waves was made in this work and only one wave
pattern was defined during their occurrence. They will be referred to as ‘‘2D small-amplitude + pebbled’’
(2D SA + pebbled) waves. This pattern was observed for a wide range of gas velocities. The mentioned shift
in frequency can be due to the fact that when the air-flow is increased, the point of initiation of waves moves
upstream and the whole wave pattern along the channel is somewhat shifted in that direction. This evolution
of wave pattern along the streamwise direction was studied by Fan et al. (1993), who also mentioned a shift of
the peak in the wave spectrum from higher to slightly lower frequencies when moving downstream for a fixed
combination of air and water flows. They also mentioned that the high frequency waves develop closer to the
inlet for the higher gas velocities, but this could not be verified in this work because there was no visual access
except in the test section where experiments were performed.

By increasing the air flow still more, a new structure began to form on the interface. This fact was not so
easily detected visually, but looking at the spectrum in the second picture from the top of Fig. 3, one can see
how the dominating frequency peak of small-amplitude waves broadened and thus marked the emergence of a
new structure on the interface.

For slightly higher gas velocities, emerging large-amplitude waves began to appear, coexisting with the
small-amplitude 3D waves for a narrow but finite range of gas velocities. The wavelengths were in the
order of 4–6 cm. These waves will from now on be called ‘‘3D + LA’’, referring to small-amplitude 3D
waves together with the first large-amplitude waves. Their amplitude was bigger than the pure 3D waves
but still smaller than the large-amplitude waves as defined in this work. It should be noted that Hanratty
and Engen (1957) observed the occurrence of roll waves together with squalls, with the former traveling
twice as fast as the latter. A similar effect was observed in this study, where bigger waves seemed to travel
faster than some smaller ones, catching up with these last ones and creating a new big wave that would
catch up with the next small one, and so on. The fact that there were two main waves traveling at different
speeds can explain the existence of the two peaks in the frequency spectrum, one around 7 Hz and one
around 12 Hz, as shown in the third picture in Fig. 3. This is probably also related to the bifurcation
mentioned by Fan et al. (1993).

Higher gas velocities made the 3D waves disappear completely and only large-amplitude 2D waves (2D LA)
with a steep front and gradually sloping back remained. These waves were also observed by other authors
(Hanratty and Hershman, 1961; Andreussi and Persen, 1987). The observed large-amplitude waves in this study
presented wavelengths between 8 and 10 cm, with amplitudes close to 1 cm high. This wave regime was char-
acterized also by a large increase in the gas phase friction factor. The transition from small-amplitude to large-
amplitude waves was defined according to the spectrum, when the two peaks joined into one at a lower
frequency, as shown in the last picture of Fig. 3. This new peak was centered at around 8 Hz approximately.

These observations show that each different wave pattern presents certain characteristics in its spectrum (such
as one or more dominant frequency, for example). Similar things have also been observed by other authors
(Bruno and McCready, 1989; Strand, 1993; Shi and Kocamustafaorgullari, 1994). Nevertheless, their approach
was usually to trust the visual determination of wave patterns and then to study the characteristic parameters of
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each identified pattern such as wavelength, wave height and dominant frequency. Instead, by using this last
information as the starting point and relying only on the spectra, visual subjectivity can be avoided.

This spectrum-based method of wave pattern determination clearly avoids any visual subjectivity. For
example, it is not obvious how to define the first appearance of waves just visually. Some people may regard
just any ripple at all to be an indication of first waves whereas others might expect amplitudes at least greater
than 1 mm to consider a disturbance as a wave. This underlying subjectivity can be the reason for discrepan-
cies among empirical flow pattern maps regarding the transition from stratified smooth to stratified wavy
regime. In the results presented above, the stratified smooth regime presented a flat spectrum. As the gas flow
rate was increased and the first disturbances were present, a clearly dominating frequency was observed in the
corresponding spectrum, indicating the onset of some kind of instability at that point. The same holds for the
appearance of the first large-amplitude waves. Visually, it was difficult to tell when the new structures
appeared. But in this case, the spectrum changed from one dominating frequency to a double-peak spectrum
instead. Even if it may be argued that this does not indicate the appearance of large-amplitude waves as
defined in this work, this change in the spectrum shape undoubtedly indicates a change in interfacial structure.

The same spectral characterization of wave patterns could be achieved with any other experimental
method, such as conductance probes, the parallel wire technique, and any other method able to track the
movement of the interface in some way. Since Laser Doppler is at present a widely used technique for the mea-
surement of velocities and turbulence quantities, this technique was chosen for data acquisition and the wave
spectra estimation. At the same time that a velocity is being measured, the spectra from that same signal can
be used to determine the wave regime present at that moment, without any need of visual subjective determi-
nation or the introduction of extra probes to follow the interface displacement.

3.2. Flow pattern map

With the information gathered from the previous section, a flow pattern map describing the observed wave
patterns was obtained and is presented in Fig. 4. Transition from stratified smooth (SS) to stratified wavy (SW)
is thus defined when the first type of waves appear. As the liquid height increases, the transition from small-
amplitude to ‘‘3D + large-amplitude’’ waves (3D + LA) occurs for smaller gas superficial velocities. The 2D
large amplitude (LA) waves were not observed for the smallest liquid film. Although the ‘‘3D + LA’’ were
visually similar to the ‘‘LA’’ waves observed for the highest gas superficial velocities, these two types could
be clearly distinguished from one another from their spectral characteristics.

Fig. 5 shows the here obtained flow pattern map compared with the transitions from smooth to wavy strat-
ified flow predicted by other authors in the literature. It can be seen from this comparison that the transition
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defined in this work as transition from smooth to stratified wavy is close to the one predicted by Mandhane
et al. (1974) and the mechanistic model from Taitel and Dukler (1976), but it happens for slightly smaller gas
superficial velocities. Actually, the transition to wavy stratified flow proposed by Taitel and Dukler (1976) is
closer to the initiation of 3D irregular waves observed in this work (‘‘3D + LA’’). The model proposed by
Petalas and Aziz (1998) shows a gas velocity corresponding to this transition that is high above the one found
in this study. The reason may be that the model from Petalas and Aziz (1998) used empirical relationships
obtained from a flow data base of pipe flow measurements. Wall and interfacial friction factors were corre-
lated according to these data. The fact that the channel data seems to be higher than the pipe flow data
has also been recognized by other authors (Funada and Joseph, 2001).

Fig. 6 shows the flow map obtained in this study for wave pattern transitions as compared to the one
obtained by Andritsos and Hanratty (1987) for 9.53 cm diameter pipe flow. The discrepancy between both
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maps is expected since it is not possible to compare results obtained from pipe flows directly with results com-
ing from channel flows when dealing with regime transitions. Different phenomena take place in each case.
Contrary to channel flows, in stratified gas–liquid pipe flow the liquid height is not constant over the flow cross
section, and wave patterns and pressure drops are therefore not the same as in a channel. Furthermore, sec-
ondary currents that are different from the ones encountered in channel flows take place, giving rise to different
wall- and interfacial shear distributions along the pipe.

No comparisons were possible with the flow pattern maps for channel flows from Hanratty and Engen
(1957) and Jurman and McCready (1989) since the liquid height in their study was much smaller than the
one used in this study and no reasonable match between the flow maps was possible.

3.3. Dominant frequency

As mentioned by Bruno and McCready (1989), wave spectra contain information about the phenomena of
wave growth, dissipation and energy transfer. These basic processes define the dynamic energy balance taking
place in the system. In principle, interaction between all the harmonics exists in a spectrum of waves generated
by gas shear (Bruno and McCready, 1989). The gas flow feeds energy into the fastest growing modes, which in
turn provide an energy source for all other waves. Most part of the energy is transfered upward in frequency to
shorter-wavelength waves, which dissipate this energy by internal viscous effects. Some resonance effects can
also allow transfer of energy from higher to lower frequency waves. But since interaction rates are strongly
dependent on the amplitude of the participating waves, the dominant interaction takes place between the
fundamental mode (largest amplitude) and the first harmonic. This interaction determines the dominating
frequency peak observed in the spectra.

Fig. 7 shows how the dominant characteristic frequency for each wave pattern varies as the pattern changes
for increasing air superficial velocity and air mean velocity.

From Fig. 7(a) it can be observed that the same qualitative behavior is present for the four different liquid
heights considered here. Only one dominant frequency is present corresponding to the first small-amplitude
waves to appear. In all four cases, when large amplitude waves start to form, two frequencies characterize
the spectra. This means that the energy coming from the gas is fed primarily into two distinct modes, defining
two type of waves which coexist during a finite range of gas velocities. This dual peak in the spectrum corre-
sponds to the appearance of the first large amplitude waves, indicating the transition from small- to large-
amplitude interfacial waves. For a higher gas flow rate, only one smaller frequency survives. This decrease
in the dominant frequency may be attributed to the coalescence of large amplitude waves to form larger waves.
1.0 1.5 2.0 2.5 3.0 3.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.0
4

6

8

10

12

14

16

do
m

in
an

t f
re

qu
en

cy
 [H

z]

UGS [m/s]

U
LS

 = 0.037 m/s 
U

LS
 = 0.068 m/s 

U
LS

 = 0.102 m/s 
U

LS
 = 0.136 m/s 

(a)

6

9

12

15

18

do
m

in
an

t f
re

qu
en

cy
 [H

z]

UG [m/s]

U
LS

 = 0.037 m/s
U

LS
 = 0.068 m/s

U
LS

 = 0.102 m/s
U

LS
 = 0.136m/s

(b)

Fig. 7. Dominant frequency in each wave pattern spectrum as a function of: (a) the gas superficial velocity UGS and (b) the mean gas
velocity UG.



M. Fernandino, T. Ytrehus / International Journal of Multiphase Flow 32 (2006) 436–446 445
If the dominant frequency is plotted against the mean gas velocity UG Fig. 7(b), it is seen that the transition
from small- to large-amplitude waves occurs practically for the same mean gas velocity for the four different
liquid heights. This may suggests that, irrespective of the liquid height (at least for the range involved in this
work), the initiation of large amplitude waves is triggered when the gas kinetic energy is greater than a critical
value Ecrit

G ¼ 1=2qGU 2
G;crit.

Clearly, two different mechanisms of energy transfer occur above and below the critical value of gas kinetic
energy, which may explain the observations of Andritsos and Hanratty (1987) about the interfacial instabil-
ities caused by air flow over a liquid film. Below UG,crit 2D small-amplitude waves exist which are associated
with pressure variations in the gas phase in phase with the wave slope. Above UG,crit large-amplitude waves are
formed which are associated with pressure variations in the gas phase in phase with the wave height. However,
no mention of the liquid height dependence was made by the latter authors. Some dependence of a possible
critical gas energy value on the liquid height is expected for different liquid viscosities and surface tension.

4. Conclusions

In this work two main issues were discussed. The first one was the determination of different wave regimes
in stratified channel flows based on an objective method. The method consists in analysing the spectra coming
from LDV measurements of the vertical velocity fluctuations close to the air-sheared interface. Changes in the
wave characteristics were evident by the appearance or disappearance of peaks in the corresponding spectrum.
In this way, even when some visual differences may have been appreciated, the transitions from one sub-regime
to another was objectively determined by the differences found in each spectrum.

The second issue presented here was the construction of a flow pattern map for horizontal stratified air–
water channel flow using the information gathered with the previous method. The flow pattern map was com-
pared to other maps found in the literature. But since some of them included empirical data coming from pipe
flow experiments, the agreement with them was not so good, apart from the fact that there could also be some
discrepancies in the visual determination of the wave patterns. Some flow pattern maps for channel flows were
found but for liquid layer heights that were too small compared with the ones used in the present study.
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